The aim of this work was to create and apply a recycled bismuth-tin (Bi-Sn) solder in novel machinable lead-free brass. The Bi-Sn alloys were obtained from a recycled solder used in the electronics industry to reduce cost and to partially solve electronic waste issue. The relationship between mechanical properties, microstructures and machinability of the brass were investigated. The results showed that a based lead-free Cu-38Zn-0.5Si brass without Bi-Sn alloy addition exhibited highest tensile strength, required the highest machining force and produced an undesirable long continuous chip type. An addition of 1-3 mass% Bi-Sn alloy resulted in signi cant decrease of both the tensile strength and the machining force. The chip formation changed from an undesirable long continuous chip to a discontinuous chip in moderate size. On the other hand, the addition of 4 and 5 mass% Bi-Sn alloy slightly increased the tensile strength and the machining force, the chip formation changed from a moderate chip size to a very short chip under every test condition. The lead-free brass with 3 mass% Bi-Sn alloy showed the best effective machinability as it required the lowest machining force and produced a short chip. Furthermore, the mechanical properties were about the same as those of the commercial EnviroBrass ® III. Thus, the recycled Bi-Sn alloy can be used to improve the machining properties of lead-free brass and offers a possibility for new and better lead-free brass alloys.
Introduction
Lead brass is widely used in various industries such as drinking-water installation, valves, plumbing, faucets and architectural hardware. Sand-cast faucets and plumbing components have traditionally been made from leaded-red and leaded-yellow brasses. The most popular red brass, alloy C83600, contains nominally 5 mass% lead. Plumbing component castings are also commonly made from leaded yellow brass, alloy C85800, which contains nominally 1.5 mass% lead 1) . However, the production of leaded brasses in recent years has been limited due to the toxicity of lead to human health and the environment. Therefore, the use of leaded brass products is banned or used with strict regulations in certain countries 2) . Thus, alternative lead-free brass alloys are necessary. As noted in the literature, lead has been replaced by various elements such as aluminum, tin, iron, and bismuth.
Vilarinho et al. 3) studied the in uence of aluminum, tin and iron on the machinability of brasses. It was found that increasing aluminum content increased the cutting force while increasing tin content decreased the cutting force. No relationship was found between iron content and the cutting force. Taha et al. 4) investigated the machinability characteristics of lead free-silicon brass and described that increasing silicon content from 1 to 4 mass% resulted in decreasing the strength, ductility and cutting force.
In addition, researchers have also produced lead-free brasses by a powder metallurgy process by adding titanium, magnesium, tin, graphite, bismuth and chromium [5] [6] [7] [8] [9] [10] . Moreover, a few patents for lead free-cutting brass alloys have been granted in the United States. For example, Zhang et al. 11) disclosed the lead-free, free-cutting copper-antimony alloys. Later, Xu et al. 12) disclosed two patents of a tin-free, lead-free, free-cutting magnesium brass alloy and a lead-free, free-cutting aluminum brass alloy. Recently, the invention of lead-free, bismuth-free, free-cutting silicon brass alloy was disclosed by Xu et al. 13, 14) A commercially available lead-free brass alloy, EnviroBrass ® , was developed to replace lead with additions of bismuth and selenium, together with nickel, iron, aluminum and silicon. EnviroBrass ® types I and II are substitutes for red and semi-red leaded brasses, respectively. EnviroBrass ® type III was developed to replace leaded yellow brass 15) . However, these alloys are more expensive than the conventional leaded brass, which have limited their applications. Thus, alternative lead-free brass alloys are still being developed.
Ando et al. 16) studied adding tin, bismuth and/or lead into Cu-Zn alloys for cutting work. However, the bismuth and tin contents in their alloys were not systematically added. The present work added 0.5 mass% Si into Cu-38Zn alloys to increase hardness by enhancing the beta phase formation. Moreover, research on mechanical and machining properties of lead-free Cu-38Zn-0.5Si brass by systematically adding the recycled Bi-Sn solder alloy has not been investigated before. The use of an environmental friendly Bi-Sn alloy, obtained from recycled solder used in the electronics industry, in order to reuse of electronic waste and a lower cost alloying additive than the use of pure elements in brass industry. Thus, this work introduces a novel machinable lead-free yellow brass with environmentally-friendly recycled Bi-Sn solder.
Experimental Procedure
The alloys used in this study were prepared with high purity copper (Bangkok Assays, ≥99.5%), zinc (Padaeng Industry, 99.9%), silicon (S.M. Chemical Supplies, 99.5%), and a recycled electronic solder, which was an alloy com-posed of bismuth 52 mass%-tin 48 mass% (52Bi-48Sn). The alloys were melted in a graphite crucible, using a medium frequency induction furnace at a constant temperature of 1,050 C. The temperature was measured with a type K thermocouple (OMRON) with an accuracy of ±2 C. After melting and homogenization, the molten alloys were poured into ber glass mould. A cylindrical sample has a diameter of 25 mm and the length of 150 mm. The castings were allowed to cool in the mold for 5 minutes, then removed and air cooled to room temperature. The as-cast specimens were mechanically polished and etched in a solution of FeCl 3 (5 g), HCl (50 ml) and H 2 O (100 ml). The microstructures of the as-cast samples were revealed by a scanning electron microscope (SEM, JEOL JSM-6610).
Microhardness testing was performed using a Vickers microhardness tester (Shimadzu, HMV-2000) with an indentation load of 200 g, for 10 sec at room temperature. The hardness values were calculated by averaging 5 indentations. The chemical compositions of the as-cast samples were analyzed by X-ray uorescence spectrometry (Thermo Scienti c, Niton XL3-56741) as shown in Table 1 . The accuracy of the obtained composition was ±0.3 mass% for all elements. All trace elements were detected at a content of less than 0.1 mass%. The mechanical properties were measured by tensile testing with a Lloyd UTM using a crosshead speed of 10 mm/min, according to the ASTM E8-04 standard. The reported results were obtained by averaging the results of three samples.
The machining test was done by lathe turning. The chip formation and machining force were analyzed during turning. The orthogonal cutting tests were performed using a center lathe, Harrison type V330 with 7 kW spindle power and a maximum spindle speed of 3,000 rpm and the highest cutting speed of 50 m/min. The cutting tool for machining was cemented carbide, Kyocera type TNGA160404. The machining forces were measured with a piezoelectric dynamometer, Kistler® type 9272, connected to a control unit, data acquisition board and microcomputer. Machining force consisted of cutting force (F z ), feed force (F y ) and depth force (F x ) as shown in Fig. 1 .
The cutting conditions were kept constant with a cutting speed of 50 m/min and various feed rates as well as cut depths, as shown in Table 2 . The criteria to compare the machining properties consisted of the machining force and chip formation types. The value of the machining force (F m ) was calculated with the following eq. (1).
Machining force, F m = Fx 2 + Fy 2 + Fz 2 .
(1)
Results and Discussion

Mechanical properties and microstructures
The mechanical properties of the as-cast samples with Bi-Sn alloy additions compared with EnviroBrass ® III 15) were shown in Table 3 . The results in Table 3 suggested that Bi-Sn alloy addition had a signi cant in uence on enhancing the hardness, because of the solid solution strengthening mechanisms by tin additions. Increasing the amount of tin Table 1 XRF analysis indicating compositions of the alloy samples (mass%). Table 2 The cutting test conditions for the machining study. increases the hardness. Conversely, the tensile properties were decreased with increasing Bi-Sn alloy addition up to 3 mass%, as a result of increasing volume fraction and sizes of Bi particles. Under an uniaxial tensile force, the bismuth particles acted as microvoid initiators. When voids grew and coalescence, the overall plastic deformation became worsen. From the Copper Development Association 17) , it was reported that adding pure tin (in the range of 0.2-3 mass%) to Cu-Zn alloys, namely tin brass, resulted in increased tensile strength. However, by adding 1-3 mass% Bi-Sn alloy, bismuth has adverse effects to deteriorate the tensile strength more than tin promoting effect on the tensile strength. The explanation will be mention later.
On the other hand, increasing of Bi-Sn alloy addition to 4-5 mass% resulted in a slightly increased tensile strength compared to lead-free brass with Bi-Sn alloy addition of 3 mass%. The higher amount of tin dissolved in the beta phase and has stronger effect than bismuth. While the elongation was decreased with increasing Bi-Sn alloy addition, it was noted that the elongation evidently decrease with Bi-Sn alloy addition more than 3 mass%, in consequence of the increasing volume faction and size of Bi particles phase.
Concerning the usability, it is suggested that the addition of Bi-Sn alloy to lead-free Cu-38Zn-0.5Si brass should not exceed 4 mass% as it is found in this study that the lead-free brass with 1-3 mass% Bi-Sn alloy additions exhibit mechanical properties about the same as those of the commercial EnviroBrass ® III. The SEM micrographs in Fig. 2 displayed the dual phase alpha (fcc)-beta (bcc) and the distribution of bismuth-particle for the cast lead-free Cu-38Zn-0.5Si brass containing 0 to 5 mass% of the Bi-Sn alloy. The based composition of the Cu-38Zn-0.5Si brass without Bi-Sn addition, the microstructure revealed only the typically coarse the dual phase alpha-beta ( Fig. 2(a) ). In addition, the bismuth particle distributed in the alpha-beta matrix, which the size and volume fraction of beta phase depended on the Bi-Sn alloy addition of 1 to 5 mass% (Fig. 2(b)-(f) ), respectively.
The addition of Bi-Sn alloy to the based brass resulted in microstructural modi cations of primarily phase size reduction and bismuth-particle precipitation. This was in accordance with previous research demonstrating that the addition of bismuth to the base Cu-Zn alloy reduced the alpha phase size 19) . The micrographs of specimens with Bi-Sn alloy additions of 1 to 5 mass% were shown in Fig. 2(b)-2(f) , respectively. The morphology of the alpha and beta phases became more equiaxed in shape and ner in size. In general, the alpha phase (fcc) was soft and ductile but the beta phase (bcc) was hard and high strength. Thus, the higher volume fraction of beta phase, the higher the hardness.
In order to explain the phase transformation of lead-free brass in more detail, the equilibrium phase diagram of copper-zinc binary alloy was shown in Fig. 3 . Alloys containing up to about 35% zinc were single alpha (fcc) phase which soft and ductile. Above 35% zinc, beta phase (bcc) appeared and increased the hardness and strength, usually used for casting.
When the studied brass composition solidi ed, the microstructure was formed through a peritectic transformation (L + α → β). The microstructure of the alpha-beta phase was modi ed by the addition of Bi-Sn alloy. The size of the alpha-beta phase re ned with increasing Bi-Sn alloy content. The ne alpha-beta phase can have pinning effect on dislocation and dislocation from movements by solid solution mechanism, resulting in enhancing the hardness. Meanwhile, the bismuth was precipitated as round particle and increased with increasing Bi-Sn alloy content. When the re ned alpha-beta phase contained a large amount of bismuth particle, the alloys have lower strength and ductility in compared with the based brass without bismuth particle.
The increased volume fraction of the beta phase depended on zinc contents in the terms of Guillet zinc equivalent, following eq. (2), which was estimated to be the behavior of brass 1) . Zinc equivalent was calculated by multiplying the silicon content by 10 and the tin content by 2. Bismuth has no effect.
Total zinc equivalent = A/B × 100 (2) where, A = sum of (zinc equivalent coef cient × % of each alloying element) + % zinc
Thus, the total zinc equivalent of lead-free Cu-38Zn-0.5Si brass alloy would be A = (10 × 0.5) + 38 = 43, (% of each alloying element showed in Table 1 Consequently, the total zinc equivalents of lead-free Cu38Zn-0.5Si brass with 1-5 mass% Bi-Sn alloy addition equal to 41.92, 42.52, 43.06, 44.02 and 44.97, respectively. It indicated that increasing tin contents directly increased the total zinc equivalent, which resulting in higher volume fraction of beta phase and higher hardness of lead-free brass alloys. It is evidenced that microstructures of all studied alloys are consisted of only alpha and beta phases without any gamma phase. The gamma phase will be generated when zinc content exceeds 50 mass%.
Machining force
Machinability was determined by measuring cutting force (F z ), feed force (F y ) and depth force (F x ) under different feed rates and depths of cut. The machining force was calculated using eq. (1) as mentioned in the experimental procedure section. The results are shown in Fig. 4 . It is clear that the machining force increased with increasing cut depth and feed rate. This is a result of the increased amount of material being removed because the chip thickness made at the feed rate of 0.4 mm/rev is larger than those made at the feed of 0.1 and 0.25 mm/rev. Thus, the cutting forces are larger at the feed of 0.4 mm/rev than those at the feed of 0.1 and 0.25 mm/rev, respectively.
The lead-free yellow brass without Bi-Sn alloy addition exhibited the maximum machining force under every test condition. This implies that this brass alloy has poor machinability due to the higher tensile strength and coarser microstructure than those samples with Bi-Sn alloy additions. These results were in accordance with Taha et al. 4) , which found that the maximum cutting force was obtained in the sample with the greatest tensile strength and that the cutting force decreased with decreasing tensile strength. The samples with a coarse microstructure exhibited poor machinability due to worse sliding wear and high friction between the cutting tool and the work piece surface.
The machining force was decreased with increasing Bi-Sn alloy addition from 1-3 mass%, as a result of reduced tensile strength. In addition, the bismuth particles were soft. Hence, it acts as a chip breaker. Moreover, the bismuth particles have a low melting point and could be melted by heat was produced during turning process, which it acts as a tool lubricant to reduce the friction between the chip and the tool face. For the lead-free brass with 4 and 5 mass% Bi-Sn alloy additions, the machining force slightly increased due to the increase of tensile strength as previous mention. Bismuth particles affected not only machining force but also tensile strength. However, no correlation has been found between hardness and machining force of the presented alloys. Fig. 3 The copper-zinc equilibrium phase diagram 18) .
Chip formation type
The chip formation type is important to the removal of the chips during the cutting process. The standard classi cation of chip forms is divided into ten types, code: No. 1-10 20) . The rst ve chip types (code: No. 1-5) are continuous and not ideal as it is dif cult to remove chips from the cutting zone. The next three chip types (code: No. 6-8) are discontinuous chips and due to their moderate size are desirable while the last two chip types (code: No. 9 and 10) are very short and acceptable for chip removal.
A comparison of the resultant chip formation of the specimens for test conditions of: cutting speed = 50 m/min, feed rate = 0.4 mm/rev and cut depths of 0.4, 0.6 and 0.8 mm, were shown in Fig. 5 . The chip formation of Cu-38Zn-0.5Si without Bi-Sn alloy additions was a long continuous chip, which is classi ed as the chip type No. 3. The type of chips was not ideal as they tended to transfer over the ank of the tool and were dif cult to be removed from the cutting zone, which could cause damage to the cutting tool 20) . This is due to the fact that the microstructures of lead-free Cu-38Zn-0.5Si contained a large alpha phase. It is well known that the alpha phase is soft and has high ductility, hence the chip formation in the cutting zone is mainly produced from the soft phase as long continuous chips. The addition of Bi-Sn alloy 1 to 2 mass% changed the chip formation from a long continuous to discontinuous chips, which were classi ed as arc chips (Type No.9). A further increase of 3-5 mass% Bi-Sn alloy additions, the chip formation changed from a discontinuous chip (moderate size) to very short chip and the chip size decreased with increasing Bi-Sn alloy additions. These chips were classi ed as elemental or short comma chips (Type No.10).
The chip formation changed with the addition of Bi-Sn alloy. Increasing Bi-Sn alloy addition from 1 mass% to 5 mass% reduced the amount of soft alpha phase, consequently, an increase in a larger fraction of the brittle beta phase and the bismuth particle size. For this reason, the elongation was reduced. The chip formation of the higher ductility brasses were longer than the low ductility brasses, hence the chip size was reduced with increasing Bi-Sn alloy addition. These results were in agreement with suggestions by the Copper Development Association 21) , which reported that a low ductility alloy produced short chips while a high ductility alloy produced long cylindrical chips. This result proposed that the fractions of the soft and brittle phases in the microstructures and the elongation of the alloys directly affected the chip formation.
From the above results, it was noted that the as-cast samples in the present work have superior properties without cracking in the casting process. In addition, the bismuth form particles dispersed in the alpha and the beta phases without forming a network along the phase boundaries. This, in turn, enhanced the machinability of the alloys. In contrast, the previous work by Ando et al. 16) reported that the alloys for cutting work comprised many steps including hot working, cooling and reheating to disperse the particles. More importantly, their alloys cracked during casting, extrusion and machining.
Conclusions
The presented investigation of new alternative machinable lead-free brasses with recycled Bi-Sn solder addition can be concluded as the following:
(1) The lead-free brass Cu-38Zn-0.5Si without Bi-Sn alloy addition required the highest machining force and produce an undesirable long continuous chip. This brass alloy has poor machinability.
(2) An increase in Bi-Sn alloy addition from 1 to 3 mass% resulted in decrease machining force and a chip formation change from long continuous chip to a discontinuous. For an addition of Bi-Sn alloy 4-5 mass%, the machining force slightly increased while a discontinuous chip was still produced and the chip size was reduced to a very short chip. (3) The lead-free brass with 3 mass% Bi-Sn alloy addition displayed the best machining properties as it required the lowest machining force and produced a small short chip. It is suggested from this study that this composition has the best mechanical properties and machine properties.
(4) It is found from the presented work that high machining force is required for samples with high tensile strength and no correlation has been found between hardness and machining force of the investigated alloys.
